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GLOBAL CLOSED LOOP CONTROL SYSTEM WITH DV/DT 
CONTROL AND EMLSWITCHING LOSS REDUCTION 

RELATED APPLICATIONS 

[0001] This application is based on and claims benefit of U.S. Provisional 
Application Serial No. 60/399,368, filed July 25, 2002, entitled EMI/LOSS 
OPTIMIZATION SYSTEM WITH GLOBAL CLOSED LOOP CONTROL, and is 
based on and claims benefit of U.S. Provisional Application Serial No. 60/398,621, 
filed July 25, 2002, entitled DV/DT CONTROLLED GATE DRIVE HVIC, a claim 
of priority being hereby made to all of the above provisional applications. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

[0002] The present invention relates generally to closed loop power control 
systems, and relates more particularly to closed loop power control systems with 
reduced EMI and switching losses and control of the rate of chMige of gate drive 
signals. 

2. Description of Related Art 

[0003] High-speed switching devices such as bipolar transistors, MOSFETs and 
IGBT's enable increased carrier fi-equency for voltage-source PWM inverters, thus 
leading to much better operating characteristics. High-speed switching, however, 
causes the following serious problems, originating from a high rate-of-change in 
voltage and/or current: 



[0004] a) ground current escaping to earth through stray capacitors inside 

motors and through long cables; 

[0005] b) conducted and radiated EMI; 

[0006] c) motor bearing current and shaft voltage; and 

[0007] d) shortening of insulation life of motors and transformers. 

[0008] The voltage and/or current change caused by high-speed switching 



produces high-frequency oscillatory common-mode and differential-mode currents 
when the switching device(s) change state because parasitic stray capacitance 
inevitably exists inside a load, for example, an ac motor, as well as inside the 
switching converter. Thus, each time an inverter switching event occurs, the 
potential of the corresponding inverter output terminal moves rapidly with respect to 
ground, and a pulse of common mode current flows in the d-c link to the inverter, via 
the capacitance of the heatsink motor cable and motor windings to ground. The 
amphtude of this pulse of current for a class B (residential) motor drive is typically 
several hundred millamps to several amps; and the pulse width is typically 250 to 
500 ns. For a class A drive (Industrial), and depending on the size of the motor and 
length of the motor cable, the pulse current amplitude is typically several amperes 
with a pulse width of .250 ns to 500 ns, to 20 amperes or more with a pulse width of 1 
to 2 |is. 

[0009] The common mode oscillatory currents may have a frequency 

spectrum range from the switching frequency of the converter to several tens of 
MHZ, which creates a magnetic field and will produce radiated electro-magnetic 
interference (EMI) throughout, thus adversely affecting electronic devices such as 
radio receivers, medical equipment, etc. 

[001 0] A number of Govermnental restrictions apply to the degree of 

permissible line current EMI and permissible ground current in certain motor 
applications. Thus, in Class B residential (apphances), applications, ground current 
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must be kept below from 1 to 20 mA over a frequency range from 0 to 30 kHz 
respectively (over a logarithmic curve); and conducted line current EMI must be kept 
below designated values (less than about 60 dB^^'V) over a frequency range of 150 
kHz to 300 MHZ. For motor drive applications designated as class A Industrial 
applications, limitations on ground current are less stringent, but line current EMI is 
still limited over thel 50 kHz to 30 MHZ range. 

[0011] Generally, common-mode chokes and EMI filters, based on passive 

elements, may not completely solve these noise and EMI problems. Passive filters, 
consisting of a common mode inductor and "Y" capacitors in the input ac line have 
been used to filter the common mode current in such motor drive circuits. Passive 
common mode filters may place limits on the PWM frequency which can be used, 
are physically large (frequently a major fraction of the volume of the motor drive 
structure) and are expensive. Further, they are fimetionally imperfect in that they 
exhibit undesired resonance which runs counter to the desired filtering action. 
Further, in general purpose industrial drives, the drive circuit and motor are often 
connected by cables which are up to 100 meters or more long. The longer the cable, 
the greater the conducted common mode EMI in the motor cable, and the larger the 
required size of a conventional passive common mode input filter. 
[0012] A common-mode transformer with an additional winding shorted by a 

resistor is known which can damp the oscillatory ground current. Unfortunately, a 
small amount of aperiodic ground current will still remain in this circuit. 
[0013] Active filters for control of the common mode current in a pulse width 

modulated (PWM) controlled motor drive circuit are well known. Typical devices 
are described in the paper an Active Circuit for Cancellation of Common-Mode 
Voltage Generated by a PWM Inverter, by Satoshi Ogasawara et al., lEES 
Transactions on Power Electronics, Vol. 13, No. 5, (September 1998 and in Patent 
5,831 ,842 in the names of Ogasawara et al. 

00619731.1 



[0014] Figure 10 shows a typical prior art active filter circuit or EMI and 

noise cancellation device for an a-c motor. Thus, in Figure 10, an a-c source 
comprising an input terminal L and a neutral terminal are connected to the a-c input 
terminals of a full wave bridge connected rectifier 40. While a single phase supply is 
shown, the principles in this and in all Figures to be described can be carried out with 
a three-phase or multi-phase input. The positive and negative busses of rectifier 40 
contain points A and D respectively and are connected to a three-phase bridge 
connected PWM controlled inverter 41, at inverter terminals B and F. The output a-c 
terminals of the inverter are connected to a-c motor 42. A filter capacitor 40a is also 
connected across terminals B and F. Motor 42 has a grounded housing connected to 
ground wire 43 with ground terminal 43 a. 

[0015] The active filter consists of a pair of transistors Ql and Q2 , 

connected across the d-c output lines of rectifier 40 with their emitters connected at 
node E. These define amplifiers which are controlled by output winding 44 of a 
differential transformer having input windings 45 and 46 connected in the positive 
and negative output busses of rectifier 40. The winding polarities are designated by 
the conventional dot symbols. Winding 44 is connected between the control 
terminals of transistors Ql and Q2 and the common emitter node E. A d-c isolating 
capacitor 47 is connected to ground line 43 at node C. 

[0016] The active filter including capacitor 47 defines a path for diverting the 

majority of the common mode current which can otherwise flow in the path L or N, 
A, B, M (motor 42), 43, 43a and back to L or N; (or in the reverse path when polarity 
reverses) or in path L or N, D, F, M, 43, 43a (or in the reverse path when polarity 
reverses). Thus, most common mode current can be diverted, for currents from 
positive terminal A, in the path B, M, C, E, Q2, F, B, for "positive current", and in 
the pattern B, M, C, E, Ql , B for "negative" current, by the proper control of 
transistor Ql and Q2. The path for common mode current flowing into negative 



terminal D follows the path F, M, C, E, Q2, F for "positive" current and F, M, C, E, 
Ql , B for "negative" current. The degree of diversion depends on the current gain of 
winding 44 and the current gain of Q2, for "positive current", and the current gain of 
winding 44 and current gain of Ql, for "negative" current. In order to obtain a 
sufficient degree of diversion of the common mode current, the overall current gain 
of winding 44 and transistors Ql and Q2 must be high. 

[0017] The sensing transformer 44, 45, 46 of Figure 10 has been large and 

expensive in order to provide sufficiently high current gain. It would be very 
desirable to reduce the size and cost of this transformer without jeopardizing the 
operation of the circuit. A further problem is that because of the high gain required, 
this closed-loop circuit has a tendency to produce unwanted oscillation. 
[0018] Further, it has been found that the transistors Ql and Q2 may not be 

able to operate in their linear regions over a large enough range within the 
"headroom" defined by the circuit, thus defeating the active filtering action. The 
headroom, or the voltage between the collector and emitter of transistors Ql and Q2 
is best understood by considering the approximate equivalent circuit of Figure 10, as 
shown in Figure 11, in which the ground potential at C is the same as that of the 
neutral line in Figure 10. Transistors Ql and Q2 are shown as resistors Rl and R2 
respectively with respective parallel connected diodes. The d-c bridge 40 is shown 
as two d-c sources 50 and 5 1 , each producing an output voltage of VDC/2 where 
VDC is the fiill output voltage between the positive and negative busses at terminals 
A and D, and an a-c source 52 having a peak a-c voltage of VDC/2. 
[0019] It can be seen firom Figure 1 1 that headroom can disappear at different 

portions of the cycle of source 52. Thus, consider a first situation in which the 
leakage impedances of transistors Ql and Q2 are the same. In this case, the values of 
resistors Rl and R2 in Figure 2 are about equal. Now, as the ground potential at 
terminal C swings between (+) VDC/2 and (-) VDC/2 with respect to the d-c midpoint 



at node 53 in Figure 2, the potential at the emitters of transistors Ql and Q2 also 
swings between (+)VDC /2and (-) VDC/2, if it is assumed that the impedance of 
capacitor 47 is much smaller than Rl and R2 . Therefore, during the periods when 
the potential at node E is close or equal to the potential of the d-c bus (at points B or 
F), insufficient voltage headroom exists for the relevant transistors Ql or Q2 to 
operate as linear amphfiers, and the active filtering action is lost. 
[0020] The above described filters are well known in a number of 

electromagnetic applications, particularly in power transfer systems. Systems 
involving power transfer typically include power inverters that can be used for power 
supply applications in addition to motor drives. Power inverters are typically 
supplied with electrical power through power transmission lines that are operated in 
a multi-phase mode. For example, a three phase power supply is typical in 
applications involving inverter operation and motor drives. A three phase power 
supply includes three transmission lines with a voltage potential between the three 
pairs of power delivery lines. That is, if the three phase input is supplied through 
lines LI, L2 and L3, there is a voltage potential between lines LI and L2, between 
lines L2 and L3, and between lines Ll and L3. These phase-to-phase voltages are 
typically sinusoidal and out of phase with respect to each other to provide efficient - 
power transfer. 

[0021] In a three* phase system like that described above, the transmission 

hnes act as differential voltage pairs in transmitting a power signal that is the value 
of the voltage between the various hne pairs. This type of power transmission 
scheme is very useful in transmitting a power signal with immunity to noise 
interruptions that affect all the power lines at the same time. That is, if all of the 
power lines are impacted by a common interference or noise signal, all lines are 
affected to the same degree and the differential voltages remain the same. 
Accordingly, it is often the case that three phase transmission lines carry a common 



mode voltage that does not necessarily impact the power signals delivered to an 
inverter, for example. 

[0022] When an inverter is used to power and control a motor drive system, 

the inverter typically uses high frequency switching to direct the appropriate power 
signals to the motor windings to produce the desired operation performance. For 
example, the inverter can be operated to control the motor for a specified torque 
operation, or a desired velocity. Due to the high frequency switching of the inverter, 
it is often the case that there are abrupt voltage transitions on the lines driving the 
motor, which are an inherent source of EMI: This EMI can produce common mode 
noise that causes interference in motor control signals, feedback signals I/O, sensors 
and the like. In addition, capacitive coupling with inverter outputs and ground, or the 
motor grounding by itself can produce high frequency ground currents that provide 
further interference with control signals and other communication signals. High 
frequency ground currents can also lead to radiated interference and produce groung 
loops that act as loop antermas to increase the production of radiated noise. The high 
frequency ground currents can also result in instantaneous voltage differences 
between two ground potential points, which interferes with appropriate references for 
control and commimication signals. 

[0023] In addition to the above mentioned filters, a number of measures are 

available to reduce and control common mode noise and radiated EMI. For example, 
shielded power cables are used to connect the inyerter to the motor to prevent noise 
current from flowing out of the motor drive system to ground. The power lines to the 
motor are also twisted to provide a balanced capacitive coupling to reduce the stray 
capacitive coupling to ground. A common mode choke is often used on the power 
lines in the motor to attenuate the common mode noise as well. An EMI filter like 
that described above is often attached to the input of the inverter to act as a low pass 
filter to remove common mode noise from the earth ground that might otherwise 



create a ground voltage differential for one or more components of the motor drive 
system. 

[0024] Another technique to reduce EMI noise is to measure high frequency 

noise current and provide compensation for any detected currents. As described 
above and in other prior art a current transformer has been used to sense noise 
current to determine appropriate compensation to control EMI. However, an 
appropriately sized and rated current transformer is bulky and expensive, and 
produces non-linear operation in practice. It would be desirable to provide a circuit 
and technique for reducing EMI without the use of a current transformer. 
[0025] Often, an EMI reduction system is part of a large closed loop control ■ 

for operating a synchronous motor with the inverter. For example, niultiple high 
level systems can provide command and control signals to the inverter controller to 
operate the motor or power supply in conjunction with related high level systems. 
Accordingly, it would be desirable to reduce the EMI production of the overall 
system, in addition to the closed loop control involving the inverter and sensor 
feedback. 

[0026] In the high voltage inverter system, level shifters are often used to 

provide control signals to the half bridges that make up the various stages of the 
motor drive inverter. In the level shifting system, references are changed typically 
from a logic voltage level to a reference level consistent with the inverter power 
supply. As a result, control signals are transmitted by the level shifting circuit in the 
form of pulses to avoid the additional energy losses resulting from power switches 
being maintained in a power conduction mode to permit signal transmission. 
Accordingly, an input signal is provided to a pulse generator that supplies a pulse 
train with a duty cycle representative of the input signal. The pulse train is then 
converted to a control signal for controlling the gate drive in the application. Often, 
due to the nature of high frequency, high power switching, voltage spikes on both the 



gate drive and half bridge components with a tremendous voltage change per unit 
time are observed. It would be desirable to reduce or control the change in voltage 
per unit time to prevent voltage spikes, which can result in excessive EMI and other 
disruptive control operations. Presently known solutions for controlling the dv/dt of 
high frequency high power switching applications are bulky, complex and costly. 
Accordingly, it would be desirable to obtain a simple control for high voltage, high 
frequency switching apphcations to modulate the dv/dt of inverter gate drives. 
[0027] In a motor drive with an inverter, space vector modulation is often 

used to control the motor based on quadrant switching of switches in the inverter. In 
this type of motor control, accurate niotor phase current measurements are usefiil to 
provide high performance control for a particular application, such as velocity or 
torque control. However, it is often difficult to accurately measure motor phase 
current over a wide current and temperature ranges. For exaniple. Hall effect sensors 
can be used in the lines driving the motor, but they are inherently bulky and costly. 
In a pulse width modulated (PWM) inverter drive system, motor phase current can be 
determined from measurement of the d-c bus current when non zero basic vectors are 
used in the space vector modulation. Each basic vector is assigned a specific time in 
a PWM cycle to generate the command voltage vector. However, if a basic voltage 
vector is used only for a very short period of time, motor phase current cannot be 
directly determined from the d-c bus current. This lack of observability of motor, 
phase current is due to practical considerations and limitations in the responsiveness 
of components of the PWM inverter drive system. For example, time delays caused 
by a/d converter sample and hold times, slewing of voltage during turn on, and other 
delay factors prevent the effects of basic vectors used for a very short time from 
being observed. Accordingly, it would be desirable to observe the effects of basic 
vectors used for a very short time, and to obtain overall values of motor phase 
currents for all control periods to achieve a high performance motor drive. 
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SUMMARY OF THE INVENTION 

[0028] In accordance with the present invention, a closed loop control system 

for global synchronous motor control and synchronized switching to reduce EMI 
production is provided* The global control in accordance with the present invention 
offers dynamic bus. voltage control with dynamic dv/dt control for inverter gate 
drives. A number of closed loop control parameters are sensed and provided as 
inputs to algorithms related to optimizing system operations. The consolidated 
control system provides power factor correction control through a dynamic switching 
scheme to permit, zero voltage switching with minimal current. Active EMI filtering 
provides a tremendous reduction in common mode md differential mode noise in the 
system. The control system obtains an estimation of motor current by measuring 
only the dc bus voltage provided to the inverter. Algorithms for synchronizing 
switching between the inverter and the power factor correction circuit, as well as 
adaptive EMI noise reduction, increase the efficiency of the overall system and 
produce a more reliable arid cost effective overall motor drive system solution. In 
addition, the system control provides an interactive look ahead control scheme to 
coordinate the power factor correction and inverter operation for improved 
operational reliability and efficiency. Through the use of these techniques in an 
overall global closed loop control system, a reliable and efficient overall system is 
realized, with a potential for reduction of component sizes due to decreased voltage 
and current ratings required for components. In addition, due to the increased 
efficiency of the overall system operation, major passive components with high 
tolerance ratings can be tremendously reduced, or even eliminated in some cases. 
[0029] The invention provides control for a voltage rate of change per unit 

time in turning on or turning off the power switches of the power converter or power 
inverter of the motor drive system. An analog signal fi*om the controller is supplied 



to the high voltage gate drive integrated circuit to specify the change in voltage per 
unit time to be applied in switching the pov^er switch to which the gate drive is 
connected. In the case of a high side, high voltage switch, as is typically found in a 
half bridge switching arrangement, the gate conmiand signal is level shifted to be 
referenced to the switching voltage for the high side power switch. The control 
signal for the voltage change per unit time is codified in the level shifted gate 
command signal through the use of pulse width modulation. The gate command 
signal is broken into pulses for starting and stopping a switching event, and a width 
of the pulses indicates the desired control for the voltage rate of change per unit time 
to be applied to the switching event. 

[0030] There is a tradeoff between EMI noise reduction through control of 

the change in voltage per unit time applied to the gate of the power switches, and 
switching losses in the power switches. Accordingly, the control of the present 
invention obtains an optimized control profile that is adapted to changes in noise 
levels, switching losses and desired control profiles. For example, the control can be 
modified to improve the reduction of differential mode noise, or improve the 
reduction of common mode noise. 

[0031] Noise signals can be quickly measured according to the present 

invention by extracting an indication of noise energy from the noise signal and 
providing a synchronized signal related to the extracted energy. The information in 
the signal is converted to a machine readable format, with an a/d converter, for 
example. The motor drive systern controller can use the noise signal inforrnation to 
cancel noise in the system, or change the operating points of various components to 
reduce generated noise. 



BRIEF DESCRIPTION OF THE DRAWINGS 

[0032] . The present invention will be explained in greater detail below with 
reference to the accompanying drawings, in which: 

[0033] Figure 1 is a system block diagram of a motor control system 

according to the present invention; 

[0034] Figure 2 is a circuit block diagram for a gate drive HVIC with dv/dt 

control; 

[0035] Figure 3 is a graph illustrating the relationship between, EMI noise 

impacted by dv/dt control and switching losses; 

[0036] Figure 4 is an abstract circuit diagram of a half bridge switch 

configuration for modeling sources of differential mode noise; 
[0037] Figure 5 provides an abstract illustration of how differential and 

common mode noise impact the system of Figure 1 ; 

[0038] . Figure 6 is a block diagram illustrating operation of the noise sensing 
feature according to the present invention; 

[0039] Figure 7 is a circuit block diagram of the high side gate control 

according to the present invention; 

[0040] Figure 8 is a timing diagram illustrating the operation of the dv/dt 

control in the high side gate driver circuit illustrated in Figure 7; 
[0041] Figure 9 is a circuit diagram of a known active EMI filter; and 

[0042] Figure 10 is a circuit diagram of an equivalent circuit to that 

illustrated in Figure 9. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0043] Referring now to Figure 1, an overall global closed loop motor control 

system is illustrated generally as system 10. System 10 includes several major 
subsystems including an active EMI filter 12, a power factor correction and power . 
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converter circuit 14, and an inverter circuit 16 and an inverter control 18. A global 
system control 1 1 provides the overall command^ control and feedback circuitry and 
computation for operating drive system 10. 

[0044] Active EMI filter 12 senses common and differential mode noise on 

input a-c lines LI, L2 and optionally on a common line COM, and provides a 
feedback signal to cancel the noise generated in systeni 10. A detailed discussion of 
active EMI filter 12, showing various embodiments with circuit diagrams is provided 
in (IR-2291) copending U.S. Patent AppUcation Serial No. 10/ , the 

entire contents of which is hereby incorporated by reference in the present 
application. Active EMI filter 12 provides excellent noise reduction operation to 
greatly improve overall efficiency and noise immunity for system 10. Active EMI 
filter 12 uses active switching without a current transformer to sense and counteract 
coriunon and differential mode noise on a front end of system 10. By avoiding a 
current transformer in active EMI filter 12, a more linear noise filtering operation is 
achieved without the losses associated with current transformer type filtering 
systems. It should be apparent that appropriately constructed active EMI filters can 
be located in other sections of motor drive system 10, operating on the same 
principles as those upon which EMI filter 12 operates. 

[0045] PFC power converter 14 employs dynamic bus voltage control and 

switching loss minimization to obtain high performance with increased efficiency. 
Switching in PFC power converter 14 is controlled by controller 11, which also 
provides a control signal for the voltage rate of change per unit time (dv/dt). PFC 
power converter 14 provides feedback to controller 1 1 indicating operational 
parameter values to obtain a closed loop control for power factor correction and 
power conversion in PFC power converter 14, 

[0046] Gate driver 18 receives a gate command signal from controller 1 1 to 

provide conditioned gate signals to the switches in inverter 16. One of the 



conditioning factors in driving the gate command signals for inverter 16 is a voltage 
rate of change per unit time (dv/dt), which indicates to gate driver 1 8 the desired rate 
of change for the voltage of a given power switch or groups of switches. The 
signaling provided by controller 1 1 thus provides a dynamic dv/dt control for gating 
the switches in inverter 16, as described in greater detail below. 
[00471 Controller 1 1 obtains a signal from a shunt in the d-c bus to 

reconstruct motor drive current without the need of additional and costly current . 
sensors in the motor drive lines. The motor current reconstruction through 
measurements on the bus is described in detail in U.S. Patent Apphcation Serial No. 
10/402,107, the entire contents of which is hereby incorporated by reference into the 
present application. The motor current reconstruction is based on a space vector 
control algorithm that is a part of the control operations of controller 1 1 . 
[0048] GontroUer 11 performs a number of coordinating and synchronizing 

functions to obtain an overall global closed loop control for system 10. For example, 
controller 11 provides command signals to PFC power converter 14 and gate driver , 
18, while reading sensor and feedback informa.tion from the d-c bus, active EMI filter 
12 and PFC power converter 14. ContrpUei" 1 1 operates with programmed 
algorithms and intelligence to accomplish a number of optimizinjg features in system 
10. For example, controller 1 1 orchestrates operation of PFC power converter 14 to 
minimize switching losses in PFC power converter 14, while providing dynamic bus 
voltage control. Controller 1 1 also operates the synchronized switching in both 
inverter 16 and PFC power converter 14 to reduced compounded EMI produced by 
nonsynchronous operation. 

[00491 Controller 1 1 also includes a number of algorithms for control of the 

motor drive. For example, controller 1 1 orchestrates the operation of converter 16 
with gate driver 18 to drive the motor in system 10 based on a sinusoidal sensorless 
control algorithm that does not require feedbacjk from the motor. Another algorithm 
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available in controller 1 1 is a motor phase current estimation algorithm based on 
measurements of d-c bus current and space vector control. Because controller 1 1 has 
a number of input parameters related to conducted or radiated EMI, as well as 
switching loss profiles and characteristics, algorithms for operating system 10 to 
reduce and rninimize EMI and switching losses are available. As different 
operational profiles are apphed for the motor drive in system 10, controller 1 1 
provides adaptive loss minimization, bus voltage control and EMI noise reduction. 
That is, controller 1 1 has adaptive algorithms that provide dynamic control based on 
the particular operating characteristics of the system, given the desired motor drive 
operational characteristics demanded by the appHcation. Controller 1 1 also apphes 
interactive look ahead control to provide estimates for reqtiired operation of PFC 
power converter 14 and inverter 16. With this type of predictive control, based on 
desired operational profiles and operational experience, control 1 1 can boost 
efficiency of system 10 while reducing requirements for power component readings. 
For example, capacitor C^us have a much lower power rating than that required 
in the prior art, leading to reduced costs and packaging size. 

[0050] Referring now to Figure 2, the dv/dt control for the power switching ; 

stage of system 10 is illustrated generally as gate drive 20. In the illustration of 
inverter 16 in Figure 1, three different gate drives 20 are used to control each half 
bridge of inverter 16 to obtain a desired control profile for the motor. Gate drive 20 
receives input controls signals HIN and LIN for control of high and low switches 21, 
22, respectively. HIN and LIN are configured and timed so that both switches 21, 22 
^e not on at the same time. However, the space vector control methodology permits 
both switches 21, 22 to be off at the same time as provided by the control through 
inputs HIN and LIN. 

[0051] Input signal HIN is provided to a level shifting circuit 24 to obtain an 

appropriate control voltage referenced to a high side logic ground reference VS. 



Level shifting circuit 24 can be the same as that disclosed in U.S. Patent No. 
5,502,412, the entire disclosure of which is hereby incorporated by reference. 
Accordingly, level shifting circuit 24 can operate with control signals referenced to 
any input potential between the line voltage and line voltage return to thereby avoid 
voltage swings with values less than a fixed ground reference. Level shifting circuit 
24 thereby prevents loss of signal or communication between a control circuit and 
the high voltage, differently referenced, high side switch 21. 
[0052] The high side gate drive also includes a yariable pulse generator 26 

that operates on the high voltage input control signal HIN with the dv/dt rate signals 
TONH and TOFFH, as described in greater detail below. Dv/dt rate signals TONH 

and TOFFH condition the gate command signal HIN to transmit a specified rate of 

. * 

change over time for the voltage appUed to high side switch 21. Gate coihmand 
signals supplied to input HIN are provided as pulses to reduce the power required to 
operate level shifting circuit 24. Accordingly TONH and TOFFH manipulate the 
pulses on input HIN to obtain a set and reset pulse indicative of a length of a pulse 
supplied to input HEN. The level shifted pulses are supplied to a dv/dt filter 25, for 
both the set and reset pulses output fi-om variable pulse generator 26. Filters 25 
induce a small delay in the set and reset pulses provided to RS flip flop 23, which 
acts as the drive logic command for gate drive circuit 27'. Accordingly, when flip 
flop 23 is set ON, an upward transition is supplied to gate drive circuit 27, and a high 
logic signal is delivered to gate driver circuit 27 for the same duration of time as 
indicated in the gate signal command provided on input HIN. At the end of the pulse 
duration, flip flop 23 is reset, causing a high to low transition on the input signal to 
gate drive circuit 27, ending the interval for a switch ON time, for example, of high 
side switch 21. The set and reset signals supplied by filters 25 are also provided as 
inputs to pulse to voltage converters 28, which control a gate voltage of CMOS 
driver switches in gate drive circuit 27. Accordingly, gate voltage control is 
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determined based on switch ON and switch OFF signals, in addition to the voltage 
signal derived from the length of the pulse output from filters 25. According to this 
methodology, the rate of change for the voltage per unit time applied to the gate of 
high side switch 21 is controlled for a specific turn ON and turn OFF profile. 
[0053] With regard to low side switch 22, there is no level shifting circuitry 

for gate command signal input LIN. Accordingly, the voltage rate of change 
command signals TONL and TOFFL are provided directly to the gate voltage control 
of low side switch driver circuitry 29. Accordingly, the voltage rate of change per 
unit time applied to the gate of low side switch 22 is directly controlled with the 
input voltage signals TONL and TOFFL. 

[0054] The dv/dt control for gate drive 20 helps to reduce noise associated 

with half bridge switching by controlling the rate of change of the voltage delivered 
to the gates of the high and low side switches 21, 22. The reduction in noise 
contributes to the global closed loop control for system 10 to further enhance EMI 
noise reduction while improving system efficiency. Referring now to Figure 3, a 
graph illustrating the relationship between EMI noise produced by rapid dv/dt in the 
power switches compared to losses in the switches is provided. In particular, the 
optimized operating points reside in areas closer to the origin of the graph in Figure 
3, and correspond to a lower d-c bus voltage value. The adaptive EMI noise and 
power loss optimization algorithm seeks a best application solution for EMI noise 
and power loss reduction taking into account the operating parameters that influence 
noise and switching losses. For example, as indicated in Figure 3, reduction of EMI 
noise through control of the voltage rate of change per unit time influences losses in 
the power switches, so that an optiniized solution will strike a balance between these 
two related considerations depending on an operating set point. 
[0055] In determining the optimization methodology, selections can be made 

based on differential mode noise reduction or common mode noise reduction. For a 
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differential mode noise reduction, dv/dt is made to be slow for the switch ON period, 
TON. For a common mode noise reduction, dv/dt is slowed for both TON and 
TOFF. 

[0056] . An illustration of sources of differential mode noise is provided in 
Figure 4, for which positive motor current is generated based on the operation of a 
pair of switches in inverter 16. In the first switch configuration, the high side switch 
is OFF and the low side switch is ON, and motor current is drawn from the low side 
rail to feed the motor coil. The low side switch then opens and motor current 
continues to flow from the low side rail to the motor coil through the fi:ee wheeling 
diode coupled with the low side switch. The next switch sequence closes the high 
side switch to draw motor current from the high side rail, interrupting or reversing 
the current flowing through the low side free wheeling diode. The rapid switching of 
current direction causes high frequency transients in inverter 16, producing high 
fi-equency differential mode noise. 

[0057] Referring now to Figure 5, an illustration of the impact of both 

differential and conmion mode noise feedback is illustrated. Differential mode noise 
is typically high fi-equency noise related to a difference in voltage between lines LI, 
L2. Lines LI, L2 are modeled as capacitively coupled together to illustrate the 
impact of differential mode noise. Active EMI filter 12 illustrated in Figure 1 
operates to reduce the differential mode noise by balancing the voltage and high 
frequency noise current observed on lines LI , L2. 

[0058] Common mode noise illustrated in Figure 5 is modeled with a power 

line capacitively coupled to ground, in this instance power line LI . Voltage 
differences in the ground line or high fi-equency noise current flowing through the 
ground is coupled to the power line and results in both conducted and radiated EMI 
noise. Again, active EMI filter 12 illustrated in Figure 1 is configured to reduce 
common mode noise by sensing and cancelling the high frequency noise current seen 
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pn the ground line. When active EMI filter 12 is operated in conjunction with EMI 
noise and switching loss optimization through control of the dv/dt associated with 
the switches in inverter 16, an overall system reduction in EMI noise and switching 
losses can be achieved. 

[0059] Another feature of the global closed loop control of system 10 is fast 

noise sensing, which improves the response time to cancel or balance high frequency 
noise voltages and currents. The fast noise sampling operates by extracting the noise 
energy from a sensed line, such as a ground line, and converting the extracted energy 
into a synchronous noise system with a sample and hold circuit. The noise energy 
extraction and noise synclyonization are illustrated as steps 60 and 62 in Figure 6. 
The synchronized noise signals illustrated as trapezoidal shaped wave forms 64 are 
then digitized with a flash three bits analog to digital (A/D) converter 66. The result 
is a synchronized pulse sequence 68 that is representative of the noise signal 
waveforms 63, in a digitized format. System controller 1 1 reads the noise signal 
information thus obtained and provides operative commands to PFC power converter 
14 and gate driver 18, and uses the noise information in the adaptive algorithms used 
to control noise and reduce losses in system 10. 

[0060] Application of the analog dv/dt control signal to, control the change in 

voltage per unit time of the power switches in both PFC power converter 14 and 
inverter 16 is accomplished through several pulse conditioning and voltage ramp 
circuits. Controller 1 1 produces analog voltage signals in the range of 0-3V to 
control the gate voltage of the gate drivers provided for, the associated power 
switches. The dv/dt command signals such as, for example, TONH, TOFFH, TONL 
and TOFFL contain information related to time periods for delaying or slowing the 
voltage rate of change per unit time with regard to switch tum on and tum off times. 
As illustrated in Figure 2, variable pulse generator 26 produces pulses in the range of 
100-300 nanoseconds in proportion to the analog dv/dt conimand signal value. The 
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timing of the pulses represent set and reset commands determinative of a switching 
interval for the power switches. The length of the pulse interval in conjunction with 
the analog dv/dt signal value and the gate command signal determines the value of 
the rate of change for switching the power switches. For example, referring to Figure 
2, the high side switch control is provided as a series of switch commands on signal 
input HIN. The switch conimands are converted to pulses codifying the switch 
command and desired dv/dt control. The pulses serve to transmit information 
without maintaining switches in an ON setting to avoid unnecessary power 
consumption. In accordance with the circuit shown in Figure 2, variable pulse 
generator 26 provides set and reset pulses equivalent to the beginning and end of the 
gate input control signal HIN. Variable pulse generator 26 also serves to change the 
length of the beginning and end pulses based on the analog input related to control of 
the dv/dt rate for the high side power switch. 

[0061] Referring now to Figures 7 and 8, a simplified diagram of the dv/dt 

control feature is illustrated. A circuit 70 is equivalent to the front end of the high 
side gate driver for gate drive 20. A timing diagram is illustrated in Figure 8 to 
explain the operation of circuit 70. A gate command signal 80 is shown input into 
the two variable pulse generators 71, 72. Pulse generator 71 produces an ON or set 
pulse 81 j while pulse generator 72 produces a reset pulse 82. As can be seen from 
timing diagrams 80-82, set pulse 81 indicates the start of gate command pulse 80, 
while reset pulse 82 indicates the end of gate command signal 80. By codifying the 
gate command signal as pulses rather than a single, long, gate turn on command 
signal, the gate drive command can be level shifted to the power level associated 
with high side switch 21 without undue losses that may be incurred by maintaining 
the N-channel level shifting switches in an ON state for a long period of time. 
[0062] Pulses 81 and 82 are illustrated as having a variable duration based 

upon the input analog dv/dt rate command from, input signals TONH and TOFFH in 
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Figure 2. As indicated in Figure 2, pulses 81, 82 are, for example, in the range of 
100 ns to 300 ns. Referring again to Figures 7 and 8, the level shifted drive signals 
based on pulses 81, 82 are delivered to a dv/dt filter that, among other things, 
provides a specified delay for the pulses 81, 82. The resulting filtered pulse trains 

83, 84 are used to set and reset flip flop 76 to reconstruct the gate command signal 80 
at the gate drive circuit 27 (Figure 2) to drive high side switch 21. In addition, pulse 
width converters 77, 78 input pulses 83, 84 and operate on them to produce the gate 
voltage control signals TONV (85) and TOFFV (86). Gate voltage control signals 
TONV and TOFFV drive the CMOS switches used to operate the gate of high side 
switch 21 . Referring to Figure 8, signals TONV and TOFFV are illustrated as having 
variable voltage levels based on the duration of pulses 83, 84. Signal TONV begins 
to ramp upward on the upward transition of the filtered set pulse 83, and levels off at 
the downward transition or end of pulse 83. Pulse 85 then stays at the voltage value 
achieved for a fixed duration to attain the proper propagation of all signals in the gate 
drive control. Similarly, signal TOFFV begins to ramp up on an upward transition of 
filtered reset pulse 84 and continues to ramp for the duration of filtered reset pulse 

84. At the end of filtered reset pulse 84, signal TOFFV is maintained at the voltage 
reached during the pulse for a fixed time period to again allow propagation of all 
control signals for appropriate gate drive control. As is clear fi*om a comparison of 
pulse trains 83 and 84 to signals 85 and 86, the time duration for the ramp up of both 
TONV and TOFFV is dependent upon the pulse duration of filtered set and reset 
pulses 83, 84. The value reached at the end of the ramp up indicates how the gate 
turn ON and turn OFF voltage is applied to adjust switching of the high side power 
switch 21. With this type of control, the dv/dt for gate turn ON and turn OFF of high 
side switch 21 can be simply and easily controlled, notwithstanding the transiFer of 
the gate command signals through level shifting circuit 24 (Figure 2). As is clear 
fi-om Figure 2, analog dv/dt rate control signals TONL and TOFFL for low side 



switch 22 can be used directly with gate voltage controls 220, 221, without the need 
of translation through a level shifting circuit. Alternately, if the COM line for gate 
driver 20 is floating with regard to an input control signal, a low side level shifting 
circuit may be employed to operate gate drive circuit 29 and low side switch 22. In 
this eventj the circuitry and operation would be the same as that provided for the high 
side circuit. 

[0063] It should be apparent that the entire gate drive circuit 20 illustrated in 

Figure 2 can be implemented on a single high voltage integrated circuit (HVIC). 
Such an HVIC has inputs HIN, LIN and dv/dt rate control signals, with connections 
for positive and negative d-c bus lines, high and low gate cbntrol lines and a high 
voltage reference connection VS. An HVIC can be used in each of the three leigs for 
driving the multiphase' motor illustrated in Figure 1 . That is, each of the three 
illustrated half bridges in inverter 1 6 are controlled by an HVIC incorporating the 
elements of gate driver 20. ^ 

[0064] Controller 1 1 can store a number of algorithms and programs related 

to different dv/dt profiles and adaptive adjustments based on a given performance 
criteria. For example, in a very noisy environnrient, or in high precision or safety 
intensive applications, the dv/dt rate can be set very low to avoid large ampimts of 
induced, conducted or radiated EMI. The dv/dt settings can also be adjusted to apply 
for turn ON times or both turn ON and turn OFF times to influence either differential 
mode or common mode noise, respectively. By permitting flexible application of the 
dv/dt control, switching losses can be minimized while targeting specific noise 
production.- The analog dv/dt signals applied to gate voltage controls 210, 211 and 
220, 221 are held at the desired analog level for a fixed period of time that is 
approximately equal to or shghtly greater than the switch ON or switch OFF time of 
the main switching devices 21, 22. It should be apparent that the present invention is 
not limited to a motor drive, but can be applied in a large class of power delivery 
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systems. Accordingly, power switches 21, 22 can be MOSgated devices such as 
MOSFETs, in addition to IGBTs. In addition, the analog voltages related to the dv/dt 
rate control that are applied to influence the gates of the CMOS switches in gate 
drivers 27, 29 bias the CMOS transistor output to control the CMOS output 
impedance. 

[0065] A global closed loop drive system has been described that achieves ia 

number of advantages over prior art systems through the coordination of various 
components and noise reduction techniques to achieve an overall robust and noise 
resistant system. An active EMI filter is employed without the use of a current 
transformer to actively filter common and differential mode noise fi-om input a-c 
lines. The same filtering can be used on the d-c bus output. A buck/boost converter 
with PFC control is provided to obtain d-c bus voltage, while appearing as a 
substantially resistive load on the a-c input lines. The power converter is actively 
controlled to reduce switching losses while obtaining dynamic bus voltage control 
based on component dynamics and environmental factors such as received noise. In 
addition, the switch in the PFC converter employs dynamic dv/dt control to fiuther 
reduce generated noise, and is operated in conjunction with the switches in the 
system inverter to jfurther reduce EMI production. Inverter switches are controlled 
with a dynamic dv/dt technique to reduce transients and noise generating events. A 
sinusoidal sensorless control algorithm implemented in the system control produces 
high performance with increased efficiency. Motor current phase estimation is 
conducted with measurements of d-c bus current based on the space Vector control 
algorithin, also implemented in the system controller. Dynamic control of various 
system components optimizes the system for EMI noise reduction and switching loss 
reduction. An adaptive algorithin in the system controller provides closed loop EMI 
noise reduction control to provide fiirther effective noise reduction and- system 
efficiency improvements. The system switches are operated with interactive look 
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ahead control to predict and compensate for operational profiles that are noise 
generating or switching loss events. 

[0066] Although the present invention has been described in relation to 

particular einbodiments thereof, many other variations and modifications and other 
uses will become apparent to those skilled in the art. It is preferred, therefore, that 
the present invention be limited not by the specific disclosure herein, but only by the 
appended claims. 



